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HIGHLIGHTS 


•  SOFCs  with  the  configuration  of  Ni/ 
SDC|SDC|BSCF  were  prepared  and 
characterized. 

•  The  SOFCs  exhibited  very  good  per¬ 
formance  in  both  dry  H2  and  CH4 
fuel. 

•  At  700  °C,  the  performance  in  dry 
CH4  is  better  than  in  H2. 

•  Under  DEO  of  CH4  conditions,  the 
anode  shows  remarkable  resistance 
to  carbon  deposition. 

•  Small  amounts  of  four  different  car¬ 
bon  species  are  deposited  on  the 
anode. 
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A  Ni/Smo.2Ceo.80i.9  (SDC)  composite  was  employed  as  anode  material  for  direct  electrochemical  oxida¬ 
tion  (DEO)  of  dry  CH4  in  a  solid  oxide  fuel  cell.  The  anodic  performance  was  investigated  at  temperatures 
between  600  °C  and  700  °C  using  SDC  as  electrolyte  material  and  Bao.sSro.sCoo.sFeo^Os-d  (BSCF)  as 
cathode  material.  The  single  cell  exhibited  maximum  power  densities  of  671  mW  cm-2,  494  mW  cm-2 
and  305  mW  cm-2  in  dry  CH4  at  700  °C,  650  °C  and  600  °C,  respectively.  Remarkably,  at  700  °C  the  power 
density  in  CH4  was  higher  than  in  H2,  thanks  to  the  carbon  tolerance  of  the  anode.  Durability  tests  under 
constant  300  mA  output  current  showed  only  3.7%  performance  loss  after  72  h  operation.  The  results 
demonstrate  that  Ni/SDC  can  be  used  as  anode  for  the  DEO  of  dry  CH4  even  at  temperatures  as  low  as 
600  °C. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  are  electrochemical  devices  that 
convert  the  chemical  energy  of  a  combustible  fuel  directly  into 
electricity.  There  has  been  considerable  interest  in  these  devices  in 
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the  past  few  decades  because  of  their  potential  for  portable  power 
generation,  and  also  for  stationary  or  auxiliary  power  supply  units 
[1,2].  The  high  operation  temperatures  of  SOFCs  lead  to  fast  reaction 
kinetics.  This  allows  the  utilization  of  readily  available  fuels,  such  as 
natural  gas,  coal  gas,  gasoline,  diesel,  jet  fuel,  and  even  solid  carbon 
[3-7].  A  particularly  attractive  concept  is  to  use  these  fuels  through 
direct  electrochemical  oxidation  (DEO)  without  internal  or  external 
reforming  processes  [8,9].  The  advantages  of  this  approach  are  high 
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energy  efficiency  and  relatively  simple  system  design.  In  addition, 
commercial  hydrocarbon  fuels  can  be  safely  stored  and  are  more 
readily  available  than  hydrogen,  and  this  can  reduce  the  overall 
operation  costs  [10]. 

While  the  concept  of  the  DEO  of  hydrocarbons  into  electricity 
using  SOFCs  is  appealing,  there  are  many  operational  problems  that 
still  need  to  be  solved  [1,8,11-14].  The  most  critical  issue  is  the 
deactivation  of  the  typical  NiO/yttria-stabilized  zirconia  (YSZ)  anode 
material  by  carbon  deposition  [8,11,14].  The  typical  NiO/YSZ  anode 
material  has  excellent  catalytic  properties  for  fuel  oxidation  and  good 
electrical  conductivity.  Ni  not  only  catalyzes  the  breaking  of  C-H 
bonds  in  hydrocarbons,  but  also  catalyzes  the  formation  of  C-C  bonds, 
and  this  leads  to  the  rapid  formation  of  carbon  deposits  that  can  cover 
the  catalytically  active  Ni  sites  [15,16].  Moreover,  the  deposited  carbon 
can  block  the  anode  pores,  increase  gas  diffusion  resistance  and 
disrupt  the  anode  structure,  leading  to  permanent  damage  [6]. 

The  formation  of  carbon  deposits  can  be  suppressed  by  intro¬ 
ducing  large  amounts  of  steam  or  carbon  dioxide  on  the  anode  side 
to  oxidize  and  remove  the  carbon  deposits  [17-19].  However,  the 
introduction  of  steam  or  carbon  dioxide  dilutes  the  fuel  and  lowers 
the  energy  density.  Introduction  of  steam  also  results  in  a  highly 
endothermic  steam  reforming  process.  This  affects  the  temperature 
control,  and  to  heat  the  steam  to  operation  temperature  requires 
significant  additional  energy. 

Therefore,  there  is  a  need  for  developing  new  kinds  of  carbon 
resistant  SOFC  anode  materials  for  the  DEO  of  hydrocarbon  fuels. 
Many  different  strategies  have  been  tried  to  achieve  this  goal.  Gorte 
and  co-workers  investigated  rare-earth  doped  ceria  impregnated 
with  CuO  as  the  anode  material  for  direct  utilization  of  hydrocarbon 
fuels  such  as  CH4  and  gasoline  in  the  SOFC  [4,6,20,21  .  Their  pio¬ 
neering  work  demonstrated  the  feasibility  of  DEO  of  CH4  and  other 
hydrocarbon  fuels  in  SOFC,  however,  the  catalytic  activity  of  this 
anode  material  proved  to  be  not  high  enough.  Using  alloys  is  also  a 
promising  approach  to  impart  better  carbon  resistance.  For 
example,  Kim  et  al.  [22]  tested  a  Cu-Ni  alloy  as  SOFC  anode  for 
direct  oxidation  of  CH4,  and  achieved  good  power  density  and  only 
moderate  carbon  deposition.  Nikolla  et  al.  [23]  used  Sn/Ni  alloy  as 
anode  material  for  a  direct  reforming  SOFC  fed  with  CH4  or  isooc¬ 
tane.  Their  results  showed  that  the  tolerance  of  the  anode  to  carbon 
deposition  could  be  significantly  enhanced  by  introduction  of  a 
small  amount  of  Sn  to  form  Sn/Ni  surface  alloys.  Also,  some  re¬ 
searchers  have  used  anode  barrier  layers.  Lin  et  al.  [24]  used  a 
composite  of  partially  stabilized  zirconia  (PSZ)  and  Ce02  as  diffusion 
barrier  layer  and  demonstrated  an  increase  in  the  stable  operating 
parameter  range  of  Ni-YSZ  anode-supported  SOFCs  that  were 
operated  directly  with  CH4.  There  is  one  other  commonly  employed 
strategy,  using  oxygen-deficient,  mixed-valent  perovskite  materials 
as  anode  for  their  high  ionic  and  electronic  conductivity  and  good 
electrochemical  activity  in  a  reducing  atmosphere.  Tao  and  Irvine 
[25]  reported  that  the  perovskite  Lao.75Sro.25Cro.5Mno.503_«5  (LSCM) 
gave  very  good  performance  for  DEO  of  CH4.  However,  this  material 
had  a  low  electronic  conductivity  in  reducing  atmosphere  and 
relatively  low  activity  26].  Huang  et  al.  [27-29]  investigated  a 
double-perovskite  Sr2MMo06-5  (M  =  Mg,  Co,  Ni)  as  SOFC  anode 
material  for  H2  and  CH4  fuels.  Their  results  showed  that 
Sr2MgMo06-<5  is  an  excellent  SOFC  anode  material  with  appreciable 
stability.  Sr2CoMo06  exhibited  a  high  cell  performance  in  H2  and 
wet  CH4,  while  Sr2NiMo06  showed  notable  power  output  only  in 
dry  CH4.  Li  et  al.  [30,31]  used  Sr2Fei_xMoi+x06  for  DEO  of  CH4  and 
methanol,  and  achieved  good  and  stable  performance. 

However,  most  of  the  above-mentioned  approaches  required 
high  operation  temperatures  (about  850  °C),  resulting  in  higher 
systems  costs  and  performance  degradation  rates,  as  well  as  slow 
start-up  and  shutdown  cycles  [32].  In  the  present  work,  we  intro¬ 
duced  a  Ni/Sm0.2Ceo.80i.9  (SDC)  composite  anode  for  DEO  of  CH4  at 


lower  temperature.  Thanks  to  the  high  oxygen  ion  conductivity  of 
SDC,  the  good  contact  between  Ni  and  SDC,  and  the  relatively  low 
operation  temperature,  this  anode  material  appeared  promising  for 
achieving  good  and  stable  performance.  We  also  investigated  the 
extent  of  carbon  deposition  on  the  Ni  surface  to  demonstrate  the 
carbon  resistance  of  this  anode.  While  this  work  was  focused  on  the 
DEO  performance  of  the  Ni/SDC  composite  anode  when  fueled  with 
pure  H2  or  CH4,  the  insights  gained  set  the  stage  for  future  explo¬ 
ration  of  DEO  of  natural  gas. 

2.  Experimental 

2.1.  Material  preparation 

SDC  powder  with  a  composition  of  Smo.2Ceo.80i.g  was  prepared 
by  an  oxalate  co-precipitation  technique.  A  proper  amount  of  oxalic 
acid  was  dissolved  in  diluted  water  to  form  a  0.5  mol  L-1  solution. 
The  pH  value  of  the  solution  was  adjusted  to  around  6.8  by  adding 
NH3  •  H20.  A  proper  amount  of  Sm203  was  dissolved  in  diluted  nitric 
acid,  then  the  desired  amounts  of  Ce(N03)3-6H20  and  deionized 
water  were  added  to  form  solutions  containing  1  mol  L-1  metal 
ions  (Ce3+  and  Sm3+).  The  solution  of  Ce3+  and  Sm3+  was  slowly 
added  into  oxalic  acid  solution  to  form  the  oxalate  precursor.  The 
mole  ratios  of  oxalic  acid,  Ce3+,  and  Sm3+  were  controlled  to  be 
2.25:0.8:0.2.  During  the  addition,  NH3  H20  solution  was  used  to 
maintain  the  pH  value  between  6.6  and  6.9.  The  resulting  precipi¬ 
tate  was  vacuum-filtrated  and  washed  four  times  with  deionized 
water,  followed  by  washing  with  ethanol  for  three  times.  Then  the 
precipitate  was  dispersed  in  ethanol  with  ultrasonic  treatment  for 
30  min.  The  final  material  was  dried  at  85  °C  overnight,  followed  by 
calcination  at  750  °C  for  2  h  to  obtain  the  SDC  powder. 

To  synthesize  the  anode  material,  SDC  powder  and  NiO  powder 
(Alfa  Aesar)  with  a  weight  ratio  of  1:1  were  mixed  thoroughly  by 
ball  milling  for  24  h.  The  final  calcination  procedure  for  the  anode 
material  was  carefully  controlled  to  be  1000  °C  for  1  h  in  order  to 
match  the  sintering  shrinkage  of  anode  and  electrolyte  during  the 
fabrication  of  single  cell  pellets.  The  preparation  of  BSCF  cathode 
materials  has  been  described  elsewhere  [33]. 

2.2.  Single  fuel  cell  fabrication 

The  anode  supported  single  cell  was  fabricated  by  a  co-pressing 
and  spin  coating  technique.  The  anode  powder  was  first  placed  into 
a  pellet  die  and  pressed  into  a  disc  at  20  MPa.  Then,  SDC  electrolyte 
powder  was  placed  on  top  and  pressed  at  250  MPa  to  produce  a 
bilayer  disc.  The  bilayer  disc  was  fired  at  1450  °C  for  2  h.  BSCF  cathode 
material  was  mixed  with  a  binder  (5  wt.%  ethyl  cellulose  +  95  wt.% 
terpineol),  and  the  resulting  slurry  was  applied  to  the  top  of  the 
electrolyte  layer  by  spin  coating  using  a  Laurell  WS-400A-6NPP/LITE 
spin  coater,  followed  by  drying  at  85  °C  for  2  h.  The  spin  coating 
process  was  repeated  twice  to  achieve  the  desired  cathode  layer 
thickness.  Finally,  the  coated  disc  was  fired  at  1140  °C  for  1  h  to  obtain 
the  single  cell  pellet.  As  current  collector,  Au  paste  was  coated  onto 
both  sides.  After  installation  into  the  flow  reactor,  the  geometric 
surface  area  of  each  side  of  the  single  cell  was  1.654  cm2. 

2.3.  Characterization 

The  powder  X-ray  diffraction  (XRD)  patterns  of  SDC  powder, 
NiO/SDC  powder,  and  anode  powder  reduced  by  H2  at  700  °C  for  3  h 
were  recorded  at  room  temperature  using  a  rotating-anode  Rigaku 
Rotaflex  RU-200B  series  X-ray  diffractometer  with  a  Cu-Ka  source 
at  40  kV,  100  mA  and  scanning  rate  of  2°  min^1. 

The  anode  side  of  the  freshly  prepared  single  cell  was  reduced 
by  H2  at  700  °C  for  3  h,  prior  to  characterizing  the  cross-section 


Z.  Wang  et  al.  /  Journal  of  Power  Sources  248  (2014)  239-245 


241 


morphology  of  the  single  cell  by  an  FEI  Nova  200  Nanolab  SEM/FIB. 
This  instrument  was  also  used  to  determine  the  morphology  of 
carbon  deposits  under  high  resolution  on  the  single  cell  anode  after 
testing  it  for  DEO  of  CH4. 

2.4.  Fuel  cell  test 

To  measure  cell  performance,  the  single  cell  was  mounted  in  a 
custom-built  flow  reactor  that  allowed  to  feed  100  seem  dry  H2  or 
70  seem  dry  CH4  to  the  anode  side,  while  compressed  air  with  a 
flow  rate  of  350  seem  was  fed  to  the  cathode  side.  The  fuel  cell  tests 
were  carried  out  in  a  temperature  range  from  600  °C  to  700  °C 
under  atmospheric  pressure.  Before  performing  the  corresponding 
I-V  measurements,  the  anode  was  first  reduced  in  H2  for  3  h  at 
700  °C,  and  then  the  flow  was  switched  to  the  fuel  gas.  The  fuel  cell 
I—  V  characteristics  were  measured  using  a  Powerstat-05  manu¬ 
factured  by  Nuvant  Systems  Inc.  In  order  to  study  the  stability  of  the 
single  cells,  the  cells  were  also  operated  under  300  mA  constant 
output  current  for  different  times  (12  h,  24  h,  48  h,  and  72  h).  After 
the  durability  tests,  the  temperature  of  the  reactor  was  decreased  to 
room  temperature  while  both  the  anode  and  cathode  were  pro¬ 
tected  by  a  flow  of  40  seem  Ar.  And  finally  the  surface  of  the  tested 
cell  anode  was  characterized  by  SEM.  To  investigate  the  properties 
of  the  deposited  carbon  species,  temperature  programmed  oxida¬ 
tion  mass  spectrometry  (TPO-MS)  was  carried  out  on  the  tested  cell 
anode/electrolyte  bilayer  powder  using  a  Micromeritics  AutoChem 
2910  instrument  equipped  with  a  mass  spectrometer.  To  obtain  the 
powder,  the  cathode  layer  was  first  carefully  removed  by  polishing 
before  grinding  the  remaining  material. 

3.  Results  and  discussion 

3.1.  Structural  characterization 

Fig.  1  shows  the  XRD  patterns  of  the  SDC  powder,  BSCF  powder, 
NiO/SDC  powder,  and  NiO/SDC  reduced  by  H2  at  700  °C  for  3  h.  The 
SDC  powder  (curve  a)  clearly  shows  a  cubic  fluorite  structure  that  is 
essentially  identical  with  the  data  on  the  JCPDS  75-0158  standard 
PDF  card.  The  XRD  pattern  of  the  anode  powder  (curve  b)  shows 
diffraction  peaks  of  both  SDC  and  NiO,  without  any  third  compo¬ 
nent  peaks.  This  indicates  that  there  is  no  chemical  reaction  be¬ 
tween  SDC  and  NiO.  After  reduction  by  H2  (curve  c),  metallic  Ni 
peaks  are  present,  but  there  are  no  peaks  attributable  to  NiO.  This 
demonstrates  that  H2  reduction  at  700  °C  for  3  h  is  sufficient  for 
complete  reduction  of  NiO  in  the  anode.  It  also  indicates  that  SDC 
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Fig.  2.  SEM  cross  sectional  view  of  the  Ni/SDC|SDC|BSCF  SOFCs  with  reduced  anode,  (a) 
Lower  magnification  showing  the  thickness  of  the  anode  layer,  (b)  Higher  magnifica¬ 
tion  showing  the  thickness  of  cathode  and  electrolyte  layer. 

can  retain  its  structure  after  this  reduction  treatment.  Therefore,  in 
all  the  performance  tests  of  single  cells,  the  anode  side  was  exposed 
to  H2  at  700  °C  for  3  h  before  starting  the  fuel  cell  performance 
measurements.  For  the  BSCF  cathode  powder,  as  shown  in  curve  d, 
a  perovskite  structure  was  obtained  that  matched  well  with  data  in 
the  literature  [33]. 

3.2.  The  microstructure  of  the  single  cell 

Fig.  2(a)  and  (b)  shows  the  cross  section  microstructure  of  a 
single  cell  with  reduced  anode.  The  dense  SDC  electrolyte  layer  is 
about  115—120  pm  thick  and  adheres  well  to  the  anode  substrate, 
while  the  thickness  of  the  porous  cathode  layer  is  about  43-46  pm. 
After  reduction,  the  Ni/SDC  anode  substrate  becomes  porous  and  is 
about  488-492  pm  thick. 

3.3.  Cell  performance 


Fig.  1.  xrd  patterns  of  the  sdc  powders  (a),  NiO/SDC  powders  (b),  reduced  NiO/SDC  The  anode  supported  single  cell  with  the  configuration  of  Ni/ 

powders  (c)  and  bscf  powders  (d).  SDC|SDC|BSCF  was  tested  using  H2  and  dry  CH4  as  the  fuel, 
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Fig.  3.  Voltage  and  power  density  as  function  of  current  density  for  Ni/SDC|SDC|BSCF 
SOFCs  in  dry  H2  (a)  and  dry  CH4  (b). 


respectively,  and  compressed  air  as  the  oxidant.  Fig.  3(a)  and  (b) 
shows  the  performance  results  obtained  from  multiple  cells  under 
identical  configuration  and  testing  procedure. 

From  Fig.  3(a)  and  (b),  it  can  be  seen  that  the  open  circuit  voltage 
(OCV)  of  the  cell  for  both  H2  as  well  as  CFI4  was  lower  than  the 
theoretical  electromotive  force.  For  instance,  the  OCV  at  700  °C  for 
H2  was  0.837  V,  while  the  theoretical  value  is  around  1.1  V.  For  CFI4, 
the  situation  becomes  more  complicated,  as  both  partial  electro¬ 
chemical  oxidation  (POM)  and  complete  electrochemical  oxidation 
(COM)  of  CH4  could  occur.  The  standard  electromotive  force  of  POM 
and  COM  calculated  by  Zhang  et  al.  [34]  by  the  Nernst  equation 
were  1.1213  V  and  1.0502  V  at  700  °C,  respectively,  which  are  both 
higher  than  the  0.850  V  measured  in  our  tests.  It  is  well  known  that 
the  doped  ceria  electrolyte  exhibits  under  reducing  atmosphere 
mixed  ionic  and  electronic  conduction,  which  originates  from  the 
partial  reduction  of  Ce4+  into  Ce3+  [35].  Therefore,  the  OCV  of  a  fuel 
cell  with  doped  ceria  electrolyte  is  usually  lower  than  the  theo¬ 
retical  value  due  to  the  internal  efficiency  loss. 

Fig.  3(a)  shows  plots  of  the  voltage  and  power  density  as  func¬ 
tions  of  the  current  density  and  working  temperature  for  H2  fuel.  The 
cell  exhibited  maximum  power  densities  (Pm ax)  of  624  mW  cnrr2, 
519  mW  cm"2,  and  353  mW  cm“2  at  700  °C,  650  °C  and  600  °C, 
respectively. 

For  the  dry  CFI4  fuel,  the  Pmax  of  the  single  cell  reached 
671  mW  cm-2,  494  mW  cm-2  and  305  mW  cm-2  at  these  tem¬ 
peratures,  respectively,  as  shown  in  Fig.  3(b).  At  700  °C,  the  cell 


performance  with  CH4  is  higher  than  with  H2,  due  to  the  higher 
energy  density  of  CH4  and  the  excellent  catalytic  activity  and  sta¬ 
bility  of  Ni/SDC.  But  at  lower  temperatures,  where  the  activation  of 
CFI4  is  much  more  difficult  to  achieve  than  that  of  FI2,  the  perfor¬ 
mance  with  H2  is  better.  This  is  in  agreement  with  results  from 
other  researchers  showing  that  at  high  temperatures  CFI4  fuel  may 
give  a  higher  power  output  than  FI2  when  using  good  anode  ma¬ 
terials  36,37]. 

The  stability  of  the  Ni/SDC  anode  under  dry  CFI4  fuel  was  char¬ 
acterized  at  600  °C  under  a  constant  output  current  of  300  mA. 
Fig.  4  shows  the  plots  of  output  voltage  against  operation  time.  As 
demonstrated  in  this  figure,  during  72  h  of  continuous  operation, 
the  output  voltage  slightly  increased  at  the  beginning  and  then 
decreased  versus  time.  The  slight  increase  at  the  beginning  is  due  to 
the  fact  that  we  carried  out  the  stability  test  by  directly  changing 
the  fuel  cell  from  OCV  condition  to  the  constant  output  current 
condition,  while  recording  the  data  immediately.  After  the  current 
jump,  the  cell  system  needed  a  short  time  to  stabilize  itself.  The 
total  performance  drop  during  this  72  h  period  was  only  about  3.7%, 
indicating  that  the  Ni/SDC  anode  was  very  stable  at  600  °C  when 
operated  with  dry  CFI4  fuel. 

There  are  two  major  reasons  for  this  stable  performance.  First,  in 
the  Ni/SDC  anode,  Ni  particles  are  surrounded  by  the  oxygen  ion 
conductor  SDC,  which  can  supply  oxygen  species  for  the  direct 
electrochemical  oxidation  of  CH4,  and  thereby  suppress  the  carbon 
deposition  on  Ni  particles.  And  even  if  some  carbon  deposits  would 
occur,  the  oxygen  species  from  SDC  can  promote  their  removal, 
similar  to  the  effects  of  ceria  related  materials  mentioned  in  the 
reforming  literature  [38-40].  Besides,  formation  of  carbon  species 
from  CH4  by  pyrolysis  is  more  favorable  at  higher  temperature  [3], 
while  our  testing  temperature  is  much  lower  than  that  used  in 
SOFCs  with  YSZ  or  LSGM  electrolytes  that  typically  operate  at 
temperatures  higher  than  800  °C. 


3.4.  SEM  of  tested  cell 

To  investigate  the  carbon  deposition  on  the  anode,  the  tested 
cell  anode  surfaces  were  characterized  by  high-resolution  SEM. 
Fig.  5  presents  the  result  for  cells  after  72  h  operation.  Only  small 
amounts  of  carbon  species  were  detected  mainly  on  the  Ni  surface 
and  at  the  Ni/SDC  interface,  but  there  was  no  clear  evidence  of 
carbon  deposition  on  the  SDC  surface. 


Fig.  4.  The  long-term  performance  of  Ni/SDC | SDC |BSCF  SOFCs  in  dry  CH4  with  a 
constant  300  mA  output  current  (at  600  °C). 
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Fig.  5.  SEM  images  of  the  SOFC  anode  surface  after  72  h  stability  test.  Ni  and  SDC 
surface  (a),  Ni  surface  (b). 


3.5.  TPO-MS  analysis  of  carbon  deposition 

In  order  to  characterize  the  carbon  deposition  versus  time  on 
stream,  TPO-MS  analyses  were  carried  out  on  the  ground  anode/ 
electrolyte  bilayer  powders  of  the  tested  cell  after  different  oper¬ 
ation  times  (12  h,  24  h,  48  h  and  72  h).  The  powders  were  first 
degassed  in  He  for  1  h  at  200  °C.  After  cooling  to  room  temperature, 
the  TPO  analysis  were  carried  out  in  70  ml  min-1  1%  02/He  gas 
using  a  ramping  rate  of  10  °C  min-1.  As  the  temperature  increased, 
the  various  types  of  carbon  reacted  with  oxygen,  giving  rise  to  CO2 
peaks.  Fig.  6  shows  the  normalized  carbon  dioxide  signals  (weight 
of  the  ground  powder  normalized  to  1  g)  for  the  four  different 
operating  times.  With  increasing  operating  time,  the  total  amount 
of  carbon  formed  on  the  anode  increased.  However,  it  must  be 
noted  that  the  CO2  peaks  barely  rose  above  the  baseline,  and  to 
make  them  clearly  visible,  the  y-axis  in  Fig.  6  is  highly  magnified. 
This  indicates  that  the  total  amount  of  carbon  deposited  was  very 
low  in  all  cases.  To  further  confirm  this  result,  the  method  devel¬ 
oped  by  Chen  et  al.  [41]  was  used.  Thermogravimetric  analysis 


combined  with  infrared  spectroscopy  (TGA-IR)  was  carried  out  in 
50  ml  min-1  21%  O2/N2  using  a  Perkin— Elmer  TGA-7  coupled  to  a 
Perkin-Elmer  FT-IR  Spectrum  2000.  The  TGA-IR  results  showed 
that  there  was  no  visible  derivative  thermal  gravimetric  peak  and 
evolved  CO2 IR  band  related  to  deposited  carbon,  indicating  that  the 
total  amount  of  carbon  was  below  the  detection  limits  of  this  TGA- 
IR  process.  The  fact  that  the  total  amount  of  carbon  deposition  was 
very  low  is  in  agreement  with  the  very  small  performance  drop 
during  the  stability  test. 

The  presence  of  multiple  peaks  in  the  TPO-MS  data  suggested 
the  existence  of  different  carbon  species.  In  order  to  reveal  the 
details  of  the  TPO-MS  peaks,  a  multi  peak  fitting  technique  was 
used,  and  the  results  are  shown  by  the  solid  lines  in  Fig.  6.  Four 
types  of  carbon  species  were  identified  with  different  peak 
oxidation  temperatures,  around  270-280  °C  (peak  I),  370-390  °C 
(peak  II),  480-500  °C  (peak  III)  and  530-550  °C  (peak  IV), 
respectively. 

These  peaks  can  be  divided  into  two  groups,  low  temperature 
peaks  (peak  I  and  II)  and  high  temperature  peaks  (peak  III  and  peak 
IV).  The  two  low  temperature  peaks  are  likely  due  to  the  oxidation 
of  poorly  polymerized,  H-rich  carbon  or  amorphous  carbon  [42- 
44],  while  the  high  temperature  peaks  can  be  attributed  to  the 
oxidation  of  carbon  deposited  with  a  higher  degree  of  graphitiza- 
tion,  probably  filamentous  carbon  [39].  These  findings  are  in 
agreement  with  other  literature  data  about  Ni  based  reforming  or 
partial  oxidation  catalysts,  where  the  existence  of  H-rich  carbon  or 
amorphous  carbon  and  filamentous  carbon  has  been  reported 
[45,46].  For  each  group,  the  difference  in  oxidation  temperature 
should  be  due  to  the  difference  in  the  location  of  the  carbon  de¬ 
posit.  The  lower  temperature  peaks  in  each  group  (peak  I  and  peak 
III)  could  be  attributed  to  carbon  deposited  on  the  Ni/SDC  interface, 
while  the  other  two  peaks  (peak  II  and  peak  IV)  correspond  to 
carbon  attached  to  the  Ni  surface.  The  carbon  located  at  the  Ni/SDC 
interface  will  have  a  lower  oxidation  temperature  due  to  high 
concentration  of  mobile  oxygen  vacancies  that  promote  the 
oxidation  of  deposited  carbon.  The  fact  that  the  amount  of  type  II 
carbon  is  much  larger  than  that  of  type  I  also  confirms  this  from 
another  perspective. 

The  relationship  between  the  amount  of  different  carbon  spe¬ 
cies  and  operation  time  is  shown  in  Fig.  7.  Type  II  carbon  is  the 
dominant  one,  and  its  amount  increases  with  increasing  operating 
time.  There  are  reports  stating  that  filamentous  carbon  is  the  cause 
of  degradation  for  SOFCs  with  Ni  based  anode  materials  [47,48]. 
When  we  associate  the  performance  drop  with  the  amount  of 
different  kind  of  carbon  deposits,  the  performance  drop  shows  a 
clear  relationship  to  the  amount  of  type  II  and  type  IV  carbon,  but 
the  amount  of  type  II  carbon  is  much  larger  than  type  IV.  Therefore, 
the  formation  of  type  II  carbon  appears  to  be  the  primary  reason  for 
the  slow  performance  drop  of  Ni/SDC  anode  materials  in  dry  CH4 
fuel. 


4.  Conclusion 

NiO/SDC  powders  with  NiO  content  of  50  mass%  were  success¬ 
fully  synthesized  by  a  simple  ball  milling  technique.  Anode  sup¬ 
ported  single  cells  with  Ni/SDC  as  the  anode  material  have  been 
fabricated  using  SDC  and  BSCF  as  the  electrolyte  and  cathode  ma¬ 
terials,  respectively.  The  single  cell  exhibited  a  maximum  power 
density  of  671  mW  cm-2,  494  mW  cm-2  and  305  mW  cm-2  in  dry 
CH4  at  700  °C,  650  °C  and  600  °C,  respectively,  and  the  cell  per¬ 
formance  at  700  °C  in  CH4  was  better  than  in  H2.  Durability  tests 
were  carried  out  by  operation  of  the  cell  under  a  300  mA  constant 
output  current  at  600  °C,  and  only  3.7%  performance  drop  was 
observed  during  72  h  operation. 
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Fig.  6.  TPO-MS  results  for  the  ground  anode/electrolyte  bilayer  powders  of  SOFCs  after  durability  test  of  different  durations  (o:  raw  data;  solid  lines:  multi  peak  fitting  results). 


The  TPO-MS  characterization  results  showed  the  existence  of 
four  different  carbon  species  that  were  formed  on  the  Ni  surface 
and  Ni/SDC  interface,  but  the  total  amount  of  deposited  carbon  was 
very  low.  SEM  images  of  the  tested  cell  anode  surface  also 
confirmed  that  carbon  mainly  formed  on  the  Ni  surface  and  Ni/SDC 
interface. 

All  these  experimental  results  indicate  that  the  Ni/SDC  material 
has  great  potential  for  use  as  anode  for  direct  electrochemical 


Fig.  7.  Amount  of  different  carbon  species  as  function  of  operation  time. 


oxidation  of  dry  CH4,  especially  at  low  temperatures  such  as 
600  °C. 
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